Abstract. The motion of volcanic ash particles is described on large scales by an ordinary differential equation, and the dynamics is chaotic. Deposition with a terminal velocity is found to be influenced by all three components of the wind velocity. The particles sooner or later leave the free atmosphere and enter the planetary boundary layer. Chaos is thus transient, and we point out that quantities like escape rate, average lifetime and topological entropy can efficiently be applied to characterize the volcanic ash dynamics in the free atmosphere. These quantities are evaluated for particular eruption examples of volcano Eyjafjallajökull, as well as for volcanic averages taken at different geographical locations, and for global averages over the Earth.
Introduction
The spreading of different forms of air pollutants in the atmosphere is an intensively studied subject (see e.g. [1] ). The eruptions of the Iceland's Eyjafjallajökull mid April-mid May 2010, which were relatively weak compared to other volcanic eruptions, called the attention to the particular case of volcanic ash as they caused enormous disruption of air traffic across Europe. In order to characterize the advection and study the dispersion (see e.g., [2, 3] ), we apply here a single-particle-approach. Our main aim is to understand the spreading of volcanic ash in the free atmosphere from a dynamical systems point of view (in a different context, see [4] ).
It will be demonstrated that the large-scale dynamics can be described by the equations of passive scalar advection in the horizontal direction, but in the vertical direction a well-defined terminal velocity should be taken into account as a term added to the vertical wind velocity. The background wind field data are taken from the ERA-Interim data bank of the European Centre for Medium-Range Weather Forecasts [5] .
The simulations show that the advection of volcanic ash is chaotic, but since particles spend a finite period of time in the free atmosphere (before entering the planetary boundary layer, where they become subject to a qualitatively different, noisy dynamics), chaos is transient. We point out that quantities well known from the theory of transient chaos [6] can efficiently be applied to characterize the dynamics of volcanic ash in the free atmosphere. They characterize the deposition as a decay process, the average lifetime outside of the planetary boundary layer, and the stretching rate of material line segments of volcanic ash. We evaluate these measures particular cases of Eyjafjallajökull eruptions, as well as, for global averages taken over several model volcano eruptions distributed over the globe.
The paper is organized as follows. Section 2 gives an overview of the basic equation, of the ECMWF reanalysis wind field and the numerical methods used to determine the trajectories. In Section 3, we present three basic quantities: escape rate, average lifetime, and topological entropy, to be used to characterize the spreading of volcanic ash. The results for local and global averages are presented in Sections 4 and 5, respectively. A summary is given in Section 6.
Equations, data and methods
The dynamics of inertial particles in turbulence has attracted recent attention (for a review see [7, 8] ). The equations of motion for small, inertial, spherical particles of radius r in a viscous fluid advected by a flow deterministically are given by the Maxey-Riley equations [9, 10] . For heavy particles of density ρ p much larger than that of the ambient medium ρ, the dimensionless equations for the particles trajectory r p (t) read as
where v(r, t) is the flow field, W terminal is the dimensionless terminal velocity in still fluid, and n is a unit vector pointing upwards. Velocity and distance are measured in units of a characteristic velocity U and L, respectively. The Stokes number St appearing here is the dimensionless relaxation time of inertial particles subject to Stokes drag. In a fluid of kinematic viscosity ν, it can be expressed as
Since in the free atmosphere diffusion is negligible on large scales (scales larger than a few 10 kms) [11] , Eq. (1) applies to volcanic ash particles if wet deposition and other chemical reactions do not play a role. It has been observed [12] that the size of typical aerosol particles ranges between r = 1 and r = 12 µm. Their density is approximately twice as large as that of water. With ρ p /ρ = 2000, ν = 10 −5 m 2 /s as the kinematic viscosity of air, and a typical large scale atmospheric horizontal distance L = 1000 km, the Stokes number is calculated for two typical U values in Table 1 , and is found to be very small. Since the limit of St → 0 in (1) implies finite acceleration only if the paranthesis on the right hand side vanishes, the large-scale equation of motion for aerosol particles becomes even simpler than (1) . We conclude that inertial effects are negligible, but in the vertical direction deposition has to be taken into account with a terminal velocity.
The dimensional equation of motion for volcanic ash particles thus follows from (1) as
The expression for the terminal velocity, from the Stokes law [13] , is: Equation (3) is similar to that used in FLEXPART [14] and NAME [3] but without any stochastic component, and we apply it to different volcanic ash particles, individually. This equation is known to have chaotic solutions for typical velocity fields.
In principle, precise atmospheric trajectories can be determined directly from high resolution wind observations by interpolating between the measuring locations and time instants. In practice, however, trajectory calculations are mostly based on gridded output of numerical models (weather forecasts or reanalyses) such as the ones provided by the European Centre for Medium-Range Weather Forecasts (ECMWF).
In this work, the 3rd generation ECMWF reanalysis ERA-Interim data bank is exploited, which is almost up to date from 01/01/1989 [5] . Zonal (u), meridional (v) and vertical (w) wind velocity components of global geographic coverage are evaluated for the year of 2010. Four values are available each day for 00, 06, 12 and 18 h UTC (Universal Time Coordinated) at each geographic location with a spatial resolution of 1.5 • ×1.5 • (lat/long). Note that the gridded wind fields are rather smooth, subgrid scale turbulence is not resolved. Although the wind velocity at a given site and time is intended to represent an instantaneous value, direct comparison with high resolution wind tower measurements indicates that the velocity should be regarded as a 6-hour mean value [15] .
Global ERA-Interim wind fields are available on 37 pressure levels in the range of 1000-1 hPa [16]. Since we are interested in free atmospheric flow, which takes place above the planetary boundary layer (PBL) (in average above 850 hPa), wind fields were downloaded at pressure levels in the range of 850-100 hPa.
When solving (3), the velocities were interpolated at the particle location (linear in time and in the vertical direction and using bicubic spline interpolation in the horizontal direction). Then the differential equation was solved by using Euler's method with a time step of 45 minutes. We choose dt = 45 min, because dt = 6 h would lead to unrealistically large displacements of a time step. A decrease of dt from 6 h leads to a change in trajectories and dispersion, but for values smaller than dt = 45 min the dispersion of particles does not differ significantly. ( Fig. 1) . First, the terminal velocity is hardly height-dependent: the decrease in air density appears to be compensated by the increase of the kinematic viscosity due to lower temperatures. Therefore, in (3) we use a constant terminal velocityw terminal obtained as an average over height. Second, the magnitude of the standard deviation of the wind velocity fluctuations (black dashed line in the right panel) is larger or is of the same order as the terminal velocity for particles of 1 to 10 µm. Thus, the terminal velocity cannot be assumed to be attained instanteously, and Eq. (3) describes how the vertical wind component influences the deposition dynamics.
Since the downloaded wind data are given in latitude and longitude coordinates on pressure levels, we determined trajectories in the pressure coordinates. The third variable besides the horizontal wind velocity components u and v is the time derivative ω of the pressure coordinate (symbol ω should not be confused with w, that of the vertical wind velocity). The dimension of ω is Pa/s, so the terminal velocity should also be transformed in this variable. For w terminal > 0, we expect ω terminal to be negative. The third component of (3) iṡ
Similarly to (5), the vertical equation of motion for a particle in pressure coordinate system is dp(r p (t), t) dt
From the total derivatives we have
Since from (3) u p = u and v p = v, we find that
If the hydrostatic approximation is valid, i.e., ∂p/∂z = −ρg, then
We have checked that the deviation (∂p/∂z − ρg)/(ρg) is at most one percent over the full ERA-Interim data bank, which implies that approximation (9) is satisfactory.
As an appropriate choice with the structure of downloaded data, we use spherical coordinates and solve the following equations
where λ p and ϕ p are the longitude and latitude coordinates of a particle, p p (t) ≡ p(r p (t), t) is the pressure coordinate of a particle, and R E is the radius of the Earth.
Dynamical systems characteristics
Since deposition occurs, volcanic ash particles ultimately reach the planetary boundary layer. Here, however, the character of their equation of motion basically changes due the strong turbulent fluctuations. Within the framework of individual particle simulations turbulence can be taken into account by converting (3) into a stochastic differential equation by adding a noise term of strength proportional to the turbulent eddy diffusivity. The equation is then no longer determinisic, and the dynamics changes drastically. Here we concentrate on the behaviour in the free atmosphere. Particles are regarded to have escaped from the free atmosphere when entering the boundary layer. Chaotic dynamics is then necessarily of transient character.
A natural quantity characterizing the decaying process is the survival probability, which is proportional to the number N p (t) of particles staying in the free atmosphere up to time t at least. We consider the lower boundary of the free atmoshpere to be the 850 hPa pressure level. Based on the theory of transient chaos [6] , we expect the proportion N = N p /N 0 of non-escaped particles out of an ensemble of N 0 particles to decay exponentially, i.e.,
which is valid after some time. The rate of the decay, called the escape rate, is denoted by κ. It represents the basic escape statistics independent of the initial distribution of the particles. The average lifetime τ of chaos is often estimated as τ ∼ 1/κ, but this estimate is known to be rather rough. In the knowledge of the particular initial distribution, a direct computation of the average lifetime τ is always useful. An initially short material line becomes strongly stretched within a short time. The length L(t) of the filament grows rapidly in time and this growth is found to be exponential after some time with an exponent called the topological entropy, h [18] :
The topological entropy is similar in spirit to, but different in value from the average Lyapunov exponent λ: inequality h ≥ λ − κ should always hold [6] . Our experience shows that the topological entropy is technically much easier to measure than the Lyapunov exponent. When calculating the largest Lyapunov exponent, one selects a reference trajectory and initiates a test particle close to a point of it. When the distance of the pair becomes large enough, one takes another test particle nearby the reference trajectory with an initial distance in the same direction, etc. Since the initial distance cannot be shorter than the grid size, the distance reaches thousands of kilometers within a few days. From the local deviations finite time Lyapunov exponents are obtained which belong, however, to different geographical locations and different times. Averaging them over months provides the value of the average Lyapunov exponent over the entire globe for which we have obtained 0.3 day −1 (passive tracers, r = 0 µm). We prefer the use of the topological entropy to that of the Lyapunov exponent since even the geographical distribution of the former can be easily obtained as illustrated by Fig. 8 . As characteristic numbers from dynamical system theory, we propose the use of κ, τ and h to measure the dynamics of volcanic ash particles in the free atmosphere. Besides these characteristic numbers, different pictorial representations of the particle cloud are also useful.
Local results
We simulated the dispersion of the ash due to the volcanic eruption in Iceland with some simplifications. A single initial column of 1 • × 1 • × 140 hPa size (∼ 100 km × 100 km × 4 km) was started at 6 UTC on the 14th of April on the 300 hPa level with N 0 = 27000 particles.
The group of charts in Fig. 2 shows the spreading of particles of 10 µm. Due to the relatively large terminal velocity, they are continuously sinking from the initial height of 9 km, and in two days time they reach the level of approximately 600 hPa (the altitude of which is 4.2 km on average). It is also interesting to see in simulations where particles leave the free atmosphere. The last panel shows the location of particles when they reach the upper boundary (850 hPa) of the boundary layer (for the last particles this happens before April 22). The distribution is rather inhomogeneous with strong separation of connected patches, stretching across the width of Siberia. As mentioned simulations were carried out in the free atmosphere, where the effect of boundary layer, the true deposition pattern is expected to be qualitatively similar to that seen on the level of 850 hPa. The group of charts (Fig. 3) illustrates the spreading of particles of different size. A separation can be seen: different types of particles reach different regions being subject to different winds because of their different terminal velocities. Fig. 4 demonstrates that the particle distribution is wider if another eruption, taking place somewhat later, is also taken into account. The observed total distribution of the volcanic ash on the 16th of April can be seen in the left panel. The accumulation of volcanic ash south of Denmark is apparent in both pictures, but numerical simulation indicates particles in regions further away. Difference might be due to meteorological conditions disturbing satellite observations and to the fact that we only investigated three artificial sudden eruptions, instead of the continuous eruption over the days. In addition, wet deposition was not taken into account.
As Fig. 5 shows, after about 4 days a strong decrease of the survivors takes place. This can be roughly approximated locally by a linear segment in the log-linear representation of the left panel, corresponding to an exponential decay. The approximate value of the escape is found from the range 4.5-8.75 days to be κ = 0.82 day −1 . The average lifetime over the full process is found to be τ = 4.86 day. The a shape of an initially short and straight line of volcanic ash particles becomes quickly stretched and folded as the inset in the right panel shows. The growth rate of the length of this material line is, after about 3 days, clearly exponential (right panel of 
Global results
In order to gain global characteristics of volcanic ash dynamics not related to specific eruptions, we consider several instantaneous model volcanic eruptions distributed over the Globe. Alternatively, we also study an ensemble of a large number of particles distributed uniformly over the Earth at a certain pressure level. In both cases much more precise averages can be obtained (see Fig. 6 ) then for the particular eruptions on Iceland. The left panel shows that the number of survivors in the free atmosphere exhibits a clear exponential decay valid over a week or so. By investigating the dependence of the escape rate on the particle radius and the pressure level on which the particles are initially uniformly distributed, we find that κ(r) shows a very strong increase with the size (right panel). The escape rate increases by a factor of about 100 between radius 1 and 12 µm. The fit shows that a roughly exponential dependence is found with the size:
with coefficient k ≈ 0.37 for any level. Such a strong dependence of the escape rate on a system parameter is found in so-called supertransients occuring in spatio-temporal chaotic models, and in particular in pipe turbulence where this strong dependence on a parameter (the Reynolds number) was also observed in experiments [20] . The decay of the number of non-escaped particles of radius r = 10 µm started from 300 hPa, at 01.01.2010 0 UTC. Right panel: the dependence of the escape rate on size and pressure level. N 0 = 250000 particles were distributed uniformly over the whole globe on the level of 300, 500, and 700 hPa. Note that r = 0 values are also shown which correspond to the dynamics of air parcels. The non-zero values of the escape rate for r = 0 indicate that air parcels also leave the free atmosphere within a finite time.
Concerning the outfall, we estimated the average lifetime (residence time) of particles in two ways. First, as a naive estimate, by using the average terminal velocity of particles between the initial height and the planetary layer's upper boundary in the ICAO standard atmosphere we obtain:
where z initial − z 850hP a ≈ 1560 m, 4120 m and 7700 m corresponding to the initial level of 700 hPa, 500 hPa and 300 hPa. The results are illustrated by the dotted lines on the different initial levels in Fig. 7 . Alternatively, we determined the average lifetime τ from simulations, where 250000 particles were distributed uniformly over the whole globe. For smaller particles enhanced deposition can be observed compared with the naive estimate. The difference is due to the fact that (14) is valid in a continuum at rest, while τ is obtained from solving (3). This shows that the presence of vertical winds is essential for the deposition of volcanic ash, and its role is dominant for small size particles, as also follows from Fig. 1 . The size-dependence is found to be exponential again: with k ′ ≈ 0.30. The difference between τ (r) and 1/κ(r) is due to the fact that with the chosen initial condition all particles spend a long period of time in the free atmosphere, and the decay in the number of survivors starts after a few days only. A detailed investigation of the topological entropy has also been carried out by using several identical short line segments distributed on a grid over the globe initially. Naturally, the topological entropy depends on the actual location implying different meteorological conditions. The topological entropy is found to depend on the initial geographic location, and has mainly zonal distribution (Fig. 8) . There are strong differences between the values close to the Equator and in extratropics. The largest values appear in the mid-latitudes (Fig. 9) , especially in winter, due to the strong mixing and shearing effects of cyclones on particles, while the smallest values (less than 0.5 1/day) are located in the tropics. Average topological entropy hardly depends on the particle size (Fig. 9) . For lines initially started higher in the atmosphere (300 and 500 hPa) the topological entropy is larger than on lower levels.
Summary and discussion
In summary, we can say that the advection of volcanic ash is chaotic and particles spend a finite period of time in the free atmosphere. Obviously, the higher the initial height and the smaller the particle, the larger the average life time. An initially localized pollutant cloud becomes strongly stretched in a few days, fine filamentary structures develop and the filaments grow rapidly in time. We demonstrated that transient chaos related quantites like κ, τ , and h are useful characteristics of the statistics of volcanic ash in the free atmosphere.
Because of stretching and folding, the tracers cover almost the whole hemisphere after about a few weeks. Therefore in the future we intend to calculate the encompassing time for small particles, in a similar way as done for air parcels in [21] . Besides this, we plan to estimate the effective fractal dimension of pollutant clouds during the spreading.
In addition, we would also like to study the dispersion in the planetary boundary layer. Here turbulent diffusion plays an important role, and the anisotropy of diffusion, i.e. the difference between horizontal and vertical diffusivities should be taken into account.
